The phospholipids of Corynebacterium diphtheriae, Corynebacterium xerosis, C orynebacterium equi and Corynebacterium ovis were examined, largely by chromatographic procedures. In all of these, lipids of the phosphoinositide and mannophosphoinositide type were prominent. In contrast to the mycobacteria, the mannophosphoinositides of the corynebacteria were all dimannophosphoinositides; however, as in mycobacteria, these dimannophosphoinositides apparently occurred in the diacylated and triacylated forms-the tetraacylated component prominent in mycobacteria was absent. Phosphatidylethanolamine and phosphatidylserine were also absent. In
INTRODUCTION
The close phylogenetic relationship of mycobacteria, corynebacteria, propionibacteria and nocardia (I) is supported by morphological (2) and immunological evidence (3) . For certain members of these genera, the relationship is also shown by studies on the infrared absorption spectra of whole cells (4) , by the presence of complex a-branched/3-hydroxylated fatty acids (5) attached to either trehalose (6) , glucose (7) or cell-wall arabinose (8) , and the presence of large amounts of free trehalose (9) and a typical cell wall mucopeptide (10) . Moreover, there is evidence that some corynebacteria contain mannophosphoinositides (11, 12) previously thought to be restricted to the mycobacteria. In the present work we are concerned with this latter relationship. The wide spectrum of phosphoinositides of mycobacteria have been extensively examined by Ballou and coworkers. They range from the simplest lipid, 1-phosphatidyl-L-myoinositol, through those with from one to six molecules of mannose glycosylated to the myoinositol ring (13) . The predominant component contains two mannose units (14) and was regarded as 1-phosphatidyl-L-myoinositol 2,6-di-O-a-Dmannopyranoside. However, this dimannoside is now known to exist in several acylated forms, the major ones containing two, three and four molecules of fatty acid (15, 16) .
Previously the morphological relationships between the propionibacteria and mycobacteria were discussed and their ctose relationship was substantiated by the findings of a monomannophosphoinositide, and an enzyme system for its biosynthesis in propionibacteria (17) . However, it was later shown that the bulk of the mannose-inositol-containing lipids of propionibacteria were not glycerides and that the monomannophosphoinositide was a minor component (18, 19) . In view of the relationship between propionibacteria and corynebacteria (1) it was therefore possible that the mannoseinositol lipids of the latter were not mannophosphoinositides but mannoinositides, a possibility we have excluded in this work.
Some of these results have been published in preliminary form (20, 21) .
MATERIALS AND METHODS

Organisms
Corynebacterium diphtheriae, Corynebacterium equi and Corynebacterium xerosis were obtained from the Department of Bacteriology, Trinity College, Dublin, and were grown, harvested and washed as described previously (7). The origins of Corynebaeterium ovis have been described by Came et al. (22) .
Lipid Extraction
In the early stages of this work the cells were first extracted several times with redistilled acetone. This treatment removed acylglucoses (7); phospholipids were then obtained by subsequent extraction of the bacterial residue with chloroform-methanol-water (16:6 : 1, all ratios are by volume). In later experiments cells were extracted only with chloroform-methanolwater. Lipid extracts were washed (23) , dried by rotary evaporation and stored under nitrogen at 4 C. Prior to column chromatography phospholipid mixtures were emulsified, a small amount of sodium EDTA was added and the emulsion was stored at 4 C for two days. The preparation was then dialyzed against 0.1 M sodium EDTA for 24 hr and against deionized water for a further 24 hr. Finally the material was lyophylized and chromatographed. In the case of C. ovis, soluble lipids were repeatedly triturated with acetone. Acetone-insoluble lipids only were further examined.
Chromatographic Procedures
Total lipid extracts were applied to a column of silicic acid (Mallinckrodt) which was eluted first with 2-3 column volumes of chloroform, followed by varying concentrations of acetone in chloroform to remove acylglucoses and acyltrehaloses (7). Phospholipids were then eluted with chloroform-methanol ( 1 : 1 ).
Column chromatography of the phospholipids of C. diphtheriae was carried out on DEAE-cellulose (Whatman DE-32) (acetate form) in chloroform-methanol-water (20:9:1) with ammonium acetate gradients (16) . Collected fractions (3 ml) were monitored for carbohydrate and phosphorus. Mixed fractions were dialyzed to remove ammonium acetate and chromatographed on thin layer plates. Such lipids were also hydrolyzed or deacylated and the products chromatographed on paper.
Deacylated phospholipids of C. ovis were chromatographed on a column of DEAE-Sephadex (14) . The column was eluted first with water, followed by a gradient of ammonium carbonate (0.3.0 M). Ammonium carbonate was removed from eluates by repeated lyophylization and fractions were further purified by passage through a column of Sephadex G-25. Thin layer chromatography (TLC) of phospholipids was performed on plates (20 x 20 cm and 20 x 40 cm) of Silica Gel H (Merck). The following solvent systems were used: chloroform-methanol-water (65:25:4) (solvent A); chloroform-methanol-acetic acid-water (30:15:4: 2) (solvent B); chloroform-methanol-7 N ammonia (12:7:1) (solvent C). Lipids were located by exposing the plates to iodine vapor and also by gentle spraying of the plates with water. Carbohydrate-containing lipids were detected with a spray composed of 1% phenol in 60% orthophosphoric acid. Phospholipids were detected with the molybdenum-blue reagent (24) . A ninhydrin spray was also used for this purpose. In preparative TLC, phospholipids were located by spraying a strip with molybdenum blue reagent or the whole plate with water, bands were scraped from the plates and the lipids eluted from the gel with chloroform-methanol (1:2) and chloroform-methanol (2:1). Eluted lipids were dried by rotary evaporation and washed (23) .
Paper chromatography was performed on Whatman No. 1 or 3 MM paper, using the following solvent systems: Ethyl acetate-acetic acid-formfc acid-water (18:3:1:4) (solvent D); ethyl acetate-pyridine-water (2:1:2, upper phase) (solvent E); isopropyl alcohol-ammoniawater (7:1:2) (solvent F). Solvent D proved to be the only one which could effectively resolve glucose, mannose and arabinose. Solvent E was capable of separating mannose and arabinose. Solvent F was used for the separation of glyceryl-phosphoryl derivatives. Separated products were located by staining the papers with the silver nitrate-sodium hydroxide dip reagent (25) , the periodate-benzidine dip reagent (26) or the aniline-phrhalate spray (27) .
Gas liquid chromatography (GLC) of methylated fatty acids was carried out on a Pye Unicam Series 104 Analyzer, using a column of 1 0% diethylglycolsuccinate (DEGS) on Chromosorb W, (100/120 mesh). Assignments for each peak were obtained from a semi-logarithmic plot of relative retention times against chain length and degree of unsaturation of standard mixtures of fatty acid methyl esters. The percentage of each acid was estimated from the ratio of the weight of a peak tracing to total weights of all peaks.
Analytical Methods
Carbohydrates were estimated by a phenol-H2SO 4 assay method (28) . Total phosphorus was determined by the method of Bartlett (29) and amino compounds by the method of Spies (30) . Glycerol was estimated by the amount of formaldehyde produced on periodate oxidation (31). Acid hydrolysis of lipids was carried out with 2 N HC1 for 3 hr at 100 C in sealed tubes. Lipids were deacylated by mild NaOH treatment. Methyl esters of fatty acids were obtained either by transmethylation or by saponification followed by methylation with diazomethane.
Materials
P hosphatidylinositol, phosphatidylethanolamine and phosphatidylserine were isolated from yeast (32, 33) . Dimannophosphoinositides were isolated from Mycobacterium phlei (16, 34) . Straight chain and branched chain fatty acids for GLC were obtained from Applied Science Laboratories, State College, Pa. 
RESULTS
Phospholipids of Corynebacterium diphtheriae
Acid hydrolysis of total free lipid of C.
diphtheriae and chromatography in solvent D showed mainly glycerol, mannose, glucose and inositol. Ethanolamine and serine were absent from chromatograms stained with ninhydrin. Chromatography of the deacylated lipid in solvent F showed glucose, trehalose, glycerylphosphorylinositol, glycerylphosphorylinositol dimannoside, and an unknown of Rglucose 0.71. [A photograph of the products obtained has previously been published (7) in connection with the identification of acylglucoses in C.
diphtheriae.] Glucose arose from acylglucose (7) . Trehalose was probably due th the presence of diacyltrehalose (cord factor) (6) . The origins of the glycerylphosphorylinositol and the glycerylphosphorylinositol dimannoside were investigated further by TLC in solvents A and B. Plates were sequentially visualized with iodine, ninhydrin and the molybdenum blue reagent. Ninhydrin positive lipids were absent as reported previously for C. exerosis (20) , thus excluding the possible presence of phosphatidylethanolamine or phosphatidylserine in C.
diphtheriae. (Table II) is not obvious on this photograph. Dotted areas contained lipids which reacted with iodine previous to visualization with the phosphate spray. (Fig. 1) . The major lipid (Rf [0.56 in solvent A) is considered later. Another phospholipid had a Rf of 0.42 close to that of phosphatidylinositol. Two further phospholipids chromatographed to the same region (Rf 0.35) as the t r i a c y l a t e d d i m a n n o p h o s p h o i n o s i t i d e B. Other p r o m i n e n t phospholipids corresponding to the diacylated dimannophosphoinositide C from M. phlei (16) and to cardiolipin from M. tuberculosis.
To purify and further identify the individual phospholipids, lyophilyzed lipid was applied to a column of DEAE-cellulose and eluted as described. Acylglucoses and the traces of Fig. 2 ) from DEAE-cellulose column were applied as bands to long (40 cm) plates of silica gel H and ehromatographed in chloroform-methanol-water (65:25:4). Phospholipids were located with water and by spraying a side strip with molybdenum blue. Chromatography on these longer plates fully resolved the dimannophosphoinositides B and C' which chromatographed close together on 20 cm plates (Fig. 1 ).
diacyltrehaloses were removed with chloroform-methanol-water. The pattern of phospholipids eluted with ammonium acetate is shown in Figure 2 . The major unknown phospholipid and a phospholipid corresponding to dimannophosphoinositide B were eluted with the gradient up to 0.05 M ammonium acetate (Fraction 2). Phospholipids corresponding to phosphatidylinositol, dimannophosphoinositide B, dimannophosphoinositide C and some unknowns were subsequently eluted (Fractions 3 and 4). The two phospholipids in Fraction 2 were isolated by preparative TLC in solvent A. The minor one on deacylation yielded glycerylphosphorylinositol dimannoside and hydrolysis showed mannose, glycerol and inositol only. Its Rf value would indicate the triacylated dimannophosphoinositide B (16) . The major lipid in this fraction was the predominant single phospholipid in C. diphtheriae. This was repurified twice in solvent B; such purifications yielded a nitrogen-free phospholipid. Acid hydrolysis of the lipid followed by paper chromatography and visualization with the silver nitrate-sodium hydroxide reagents showed glycerol only. Assay for glycerol and phosphorus gave a molar ratio of 1.85:1. In three solvents the lipid was chromatographically similar to phosphatidylglycerol. It had the following Rphosphatidy 1_ ethanolamine values: 0.78 in solvent A, 0.90 in solvent B and 1.10 in solvent C. Paper chromatography of the deacylated lipid in solvent F showed a product with an Rglycerylpho s_ ~ohOrylinosito 1 value of 1.66 compared to 1.68 r glycerylphosphorylglycerol. Positive identification of this lipid was not obtained, but the above evidence is strongly indicative of phosphatidylglycerol.
Four phospholipids were isolated from Fractions 3 and 4 by preparative TLC in solvent A. Identification of these is summarized in Table I . A number of dimannophosphoinositides are obviously present as well as phosphatidylinositol.
Phospholipids of Corynebacterium xerosis, Corynebacterium equi and Corynebacterium ovis
Brennan (20) previously examined the phospholipids of C. xerosis and described the major components, a phosphoinositide and a dimannophosphoinositide. In the present work the organism was re-examined for the possible presence of phosphatidylglycerol and other dimannophosphoinositides. Six phospholipids were isolated by preparative TLC in solvent A. The principal ones were identical to the dimannophosphoinositide and phosphoinositide described before (20) . Another prominent phospholipid was present with chromatographic properties identical to dimannophosphoinositide C from M. phlei and on deacylation yielded glycerylphosphorylinositol dimannoside. Hydrolysis produced only inositol, mannose and glycerol. Two further phospholipids (Rf 0.76 and Rf 0.94 in solvent A) have not been fully identified. The former on hydrolysis yielded glycerol, glucose and inositol. The latter had chromatographic properties identical to cardiolipin.
The products of acid hydrolysis of the total soluble lipid from C. equi were glycerol, mannose, inositol, glucose and arabinose. The major products of deacylation were identified as glycerylphosphorylinositol dimannoside, glycerylphosphorylinositol, glycerol and glucose. A prominent product had an Rglucose value of 0.70, similar to the glycerylphosphorylglycerol characterized above.
Hydrolysis of the acetone insoluble lipids of C. ovis yielded glycerol, glucose, arabinose, mannose and inositol. A portion (1.03 g) of this material was deacylated, yielding 268 mg of water soluble products. These were fractionated on a column of DEAE-Sephadex and identified b'y chromatography in solvent H. The products were glycerol, arabinose, trehalose, glycerylphosphorylinositol and glycerylphosphorylinositol dimannoside. Since Lacave et al. (35) reported the presence in this organism of phospholipids containing inositol and arabinose, it was possible that we had a glycerylphosphorylinositol diarabinoside instead of the dimannoside. This material was therefore further examined. It was first purified on a column of Sephadex G-25 and rechromatographed in several systems where it had chromatographic properties identical to glycerylphosphorylinositol dimannoside. The deacylated phospholipid was hydrolyzed and chromatographed in solvents D and E for long periods to resolve arabinose and mannose. Glycerol was lost from the end of these chromatograms; however, they showed the presence of both inositol and mannose and not arabinose (Fig. 3) . Moreover, s t a i n i n g the chromatogram with anilinephthalate showed that the monosaccharide yielded a brown color, characteristic of hexoses and not the purple color of pentoses. Thus, this lipid which is prominent in C. ovis, is a dimannophosphoinositide and not a diarabinophosphoinositide.
Fatty Acids of the Phospholipids of Corynebacteria
TLC in benzene (36) of the methylated phospholipid fatty acids from C. diphtheriae, C. xerosis and C. equi showed they were nonhydroxylated, i.e., they had an Rf similar to methyl stearate. On the other hand, the methylateu fatty acids from the acetone insoluble lipids of C. ovis were seen to contain considerable material with the chromatographic properties of methyl mycolate. This is in agreement with the finding of corynomycolic acid in a similar fraction by Lacave et al. (35) which | ~l probably arises from dicoryno'mycolyltrehalose I /.. (6) . The methylated phospholipid fatty acids of C. ovis and C. equi as well as the fatty acids from the four dimannophosphoinositides of C. diphtheriae were then examined by GLC (Table  II) . The major fatty acid of the dimannophosphoinositides of C. diphtheriae closely corresponded to C16:1 ; in dimannophosphoinositide B it comprised almost half of the total 405 fatty acid content. A feature of these patterns was the prominence of branched chain fatty acid types. The percentage of these ranged from 42.3% in one sample of dimannophosphoinositide C to 26.5% in dimannophosphoinositide B of C. diphtheriae. The major type found in all four dimannophosphoinositides was the branched chain Cls fatty acid. Branched chain fatty acids also predominate in the phospholipids from the other species comprising 66.9% in C. equi and 91.8% in C. ovis. Mono-, di-, tri-, tetra-, 13,14 penta-and hex amannophosphoinositides
The percentage of saturated straight chain fatty acids varied. They comprised an average of 32% in the four dimannophosphoinositides of C. diphtheriae and 33.1% in C. equi; however in C. ovis this figure is reduced to 11.2%. The phospholipids of C. ovis and C. equi seem to contain most of the fatty acid types present in the dimannophosphoinositides of C. diphtheriae, viz. C14, anteiso Cls, C15 , Cl6 and branched C17; they lack however, branched C14 , iso C16 and C18:1. The most salient point of difference between the phospholipid fractions is, however, that concerning the dorr/inant single isomer in each fraction; in C. ovis and C. equi, the C16:1 acids of C. diphtheriae appear to be replaced by an iso C17 fatty acid.
DISCUSSION
The most striking feature of the phospholipids of the corynebacteria examined here is the predominance of phosphoinositide-type lipids, consisting of phosphatidylinositol and dimannophosphoinositides. Unlike mycobacteria, we found no evidence in corynebacteria for mannophosphoinositides other than the dimer. Chromatographic evidence indicated that these dimannophosphoinositides are identical to the triacylated and diacylated dimannophosphoinositides of M. phlei but no evidence was found for the tetraacylated dimannophosphoinositide prominent in M. phlei and M. tuberculosis.
The existence of dimannophosphoinositides in several corynebacteria substantiates the proposed relationship between corynebacteria and mycobacteria. This similarity has received recent fresh support from the computer analyses of corynoform bacteria of Masuo and Nakagawa (37) . These authors calculated similarity indices for 12 Gram-positive genera based on phenetic characters as diverse as cell shape and size, stain reactions, cell wall components and nutritionals for growth. Their results showed an overall similarity of approximately 70-75% between corynebacteria and mycobacteria. The differences found in the composition of the mannophosphoinositides does not detract from the proposed relationship but serves rather to reinforce the existence of corynebacteria as a separate genus.
It is interesting to compare the types of mannoinositides found in the most studied genera, i.e., propionibacteria, corynebacteria and mycobacteria (Table III) . Assuming an evolutionary line of descent from monomannoinositides and monomannophosphoinositides to polymannophosphoinositides, the ensuing pathway would match that of Lechevalier and Lechevalier (1) . This would also be in agreement with the evolutionary pathway of mycolic acid structure in several of these genera (38) . Unfortunately, little is known of the mannosecontaining inositides of the nocardias, but on the basis of their mycolic acid structure they are in an intermediate position between the corynebacteria and mycobacteria.
The phosphoinositides of C. ovis represent a special case. Lacave et al. (35) concluded that these were principally arabinophosphoinositides. The fractionation procedure was based on a traditional method largely utilizing the differential solubility of lipids in various organic solvents and does not seem to have been carried out with the ultimate aim of identifying inositol-containing phospholipids. Using more direct procedures, we found two major deacylated phospholipids with chromatographic properties similar to those of glycerylphosphorylinositol and glycerylphosphorylinositol dimannoside. Since the latter compound would be expected to behave chromatographically in a similar fashion to a diarabinoside derivative, the monosaccharides of the compound were examined and shown to be mannose rather than arabinose. This is not to suggest that arabinophosphoinositides do not occur in C. ovis but that they are probably minor components, possibly on a level with the reported traces of arabinophosphoinositides in M. tuberculosis (38) .
The major single phospholipid from C. diphtheriae exhibited certain unusual features. Hydrolysis of an apparently pure sample produced one ninhydrin-positive spot in a onedimensional chromatographic system (21). However two-dimensional chromatography showed several amino acids in about equal amounts (D.P. Lehane, unpublished work). Repeated thin layer chromatography of this material finally yielded a preparation free of nitrogen and analyses indicated phosphatidylglycerol. The occurrence of phosphatidylglycerol as the major phospholipid of C. diphtheriae seems to represent a point of departure from phylogenetic patterns. Although phosphatidylglycerol is widespread in Gram-positive bacteria (40) it does not appear to be present in appreciable amounts, if at all, in mycobacteria or in nocardia (41) ; it has however, been reported among the phospholipids of Propionibacterium shermanii (18) .
The most prominent feature of the fatty acid patterns of the corynebacterial phospholipids is the predominance of branched chain isomers. In the phospholipids of C. diphtheriae, the principal branched chain fatty acid corresponds to anteiso C15, which is in keeping with the finding of Moss et al. (42) that the single most abundant fatty acid in Corynebacterium acnes is a C 15 branched chain acid. The range of remaining fatty acids in C. diphtheriae is substantially similar to that observed by Moss et al. (42) in C. acnes though differing in relative amounts. The main point of divergence would appear to be that the most abundant single fatty acid present in the phospholipids of C. diphtheriae corresponds to C16:1. The phospholipid fatty acid patterns of C. ovis and C. equi also show large quantities of branched chain fatty acids; however in these organisms the principal isomer would appear to be a branched-chain C17 acid. Although the fatty acids of these organisms are qualitatively similar to those of C. diphtheriae, they are quantitatively different. The genus Corynebacterium is composed of a very diverse range of organisms, many of which might be better classified as propionibacteria, or as brevibacteria (42, 43) . It is not surprising therefore to find different members of this genus with quantitatively distinct fatty acid patterns.
Comparison of the fatty acid patterns of the phospholipids of C. diphtheriae with those of the phospholipids of mycobacteria, nocardia and streptomyces (41, 44) and with the total fatty acids of listeria (45) reveal overall similarities between the genera. Branched chain fatty acids are prominent, and most straight chain fatty acids from C14 to C18 are also present. This similarity is most marked between corynebacteria and streptomyces (46) and between corynebacteria and nocardia (47) . Between corynebacteria and mycobacteria the major divergence in pattern is found in the fact that the branched chain ClS and C17 fatty acids of the phospholipids of the corynebacteria are replaced in the mycobacteria by the branched C19 fatty acid, tuberculostearic acid (48) .
The biological role of the dimannophosphoinositides of corynebacteria is now under consideration in this laboratory. In mycobacteria such lipids are mainly located in the cell envelope and it has been suggested that these lipids are the primary structural components of the cell. The low turnover rate of the mannophosphoinositides supports this hypothesis (49) . Shaw and Dinglinger (19) suggest that the hydrophilic portions of the mannoinositides of propionibacteria form pores in the membranes through which small ions and molecules may pass. Such a function may apply to the phosphorylated inositides.
